Dust is the main driver of Mars' atmospheric variability. The determination of Martian dust aerosol properties is of high relevance for radiative modelling and calculating its weather forcing. In particular, the light scattering behaviour at intermediate and large scattering angles can provide valuable information regarding the airborne dust particle shape. The angular distribution of sky brightness observed by the Mars Science Laboratory engineering cameras (Navcam and Hazcam) is used here to characterise the atmospheric dust single scattering phase function and to constrain the shape of the particles. An iterative radiative transfer based retrieval method was implemented in order to determine the aerosol modelling parameters which best reproduce the observed sky radiance as a function of the scattering angle in the solar almucantar plane. The aerosol models considered in this study for retrieving dust radiative properties were an analytical three term 
Introduction
Dust is the main driver of the Martian atmospheric variability; it has a direct impact on the atmospheric thermal structure and provides forcing to its dynamics by absorbing and scattering solar radiation (Gierasch and Goody, 1972; Pollack et al., 1979) . The importance of dust in Mars' climate has focused intensive research efforts on characterising its microphysical (e.g. particle size, shape, composition) and radiative (extinction efficiency, single scattering albedo, phase function) properties. Comprehensive reviews of results from previous studies can be found in Korablev et al. (2005) , Smith et al. (2008) . Because the radiative parameters depend on the microphysical properties of dust particles, the inversion of observation data to retrieve these parameters represents a challenging task (Pollack et al., 1995; Clancy et al., 2003; Wolff et al., 2009 ).
The single scattering phase function describes the angular distribution of the scattered light by aerosols and it is strongly influenced by the size and shape of the particles. In particular, the light scattering behaviour at intermediate and large scattering angles can provide relevant information on the aerosol particle shape (Kaufman et al., 1994) . The characterisation of the particle shape is relevant as it affects the estimates of other parameters, such as the aerosol column optical thickness and the imaginary part of the refractive index (Dlugach et al., 2002) . While light scattering calculations for spherical particles are straightforward by using the Lorenz-Mie theory (e.g. Hansen and Travis, 1974) , calculations considering realistic dispersions of nonspherical particles may result very complex and computationally demanding (Dubovik et al., 2006; Yang et al., 2007; Yurkin and Hoekstra, 2007) .
Retrievals of Martian atmospheric dust phase function and constraint of particle shape have been performed by several authors using both orbital observations and surface-based sky imaging data. Chýlek and Grams (1978) used a non-spherical randomly oriented particle model to fit Mariner 9 reflectance data during the 1971 Mars dust storm. Pollack et al. (1977 Pollack et al. ( , 1995 analysed Viking Lander sky images and used a semiempirical theory to model scattering properties by non-spherical particles (Pollack and Cuzzi, 1980) for fitting the observations. They retrieved a modest peak in the backscattering region that suggested internal reflections by sharp corners within the particle's geometry associated to fluffy aggregates. Sky brightness data obtained by the Imager for Mars Pathfinder (IMP) were fitted with multiple scattering radiative transfer calculations to retrieve dust properties, including the single scattering phase function (Tomasko et al., 1999) , and presented good agreements with plate-like particles (Markiewicz et al., 1999) . Wolff et al. (2001) compared Mars Global Surveyor Thermal Emission Spectrometer (MGS TES) dust phase functions retrievals using radiative transfer simulations with T-matrix computations of non-spherical aerosols (Mishchenko et al., 1998) and obtained best-fits for randomly oriented cylinders with diameter-to-length (D/L) ratios of 2.3 or 0.6. Further comparisons using sky radiance data obtained by Mars Exploration Rover (MER) mission's Pancam instrument also derived similar results (Lemmon et al., 2004; Smith and Wolff, 2014) .
All of these investigations have shown that light scattering by dust in Mars' atmosphere is consistent with non-spherical randomly oriented particles; however, the limited number of observations and the seasonal data coverage may only provide dust aerosol properties at the particular time and place of the observation. The objective of this work is to characterise Martian atmospheric dust scattering phase function using sky image data captured by the Mars Science Laboratory (MSL) engineering cameras and to contribute to previous studies by extending the results with observations for multiple seasons covering 4 Martian Years (MY 31 to 34).
The MSL mission have evaluated dust properties and its atmospheric loading at Gale Crater (4.6ºS; 137.4ºE) using different instrumentation (e.g., Lemmon et al. 2014; Smith et al., 2016; Vicente-Retortillo et al., 2017; McConnochie et al., 2017) . Although not initially designed for scientific use, images retrieved by rover engineering cameras (navigation and hazard avoidance cameras) can be used as a complementary source of data for atmospheric studies (Soderblom et al. 2008; Smith and Wolff, 2014; Wolfe and Lemmon, 2015; Moores et al., 2015; Kloos et al., 2018) . This study is a continuation of the work started in Chen-Chen et al. (2019) , in which dust column optical depth and aerosol particle size were derived using MSL navigation cameras. In this case, the large field-of-view (FOV) offered by the hazard avoidance cameras, together with their capability to obtain simultaneous observations and their frequent use, make them suitable for studying dust light scattering properties at medium and large scattering angles.
This manuscript is structured as follows. In Section 2 the observation dataset is described and the processing details for the calibration and geometric reduction of MSL engineering camera images are provided. Section 3 describes the methodology used in this study, including the different aerosol models considered and the radiative transfer based retrieval procedure. In Section 4 the outcomes of this work are presented and discussed, together with the uncertainties and limitations of the method. Finally, in Section 5 a summary of the findings of this research and future prospects are given.
MSL engineering cameras observations
The MSL rover is equipped with a set of 12 engineering cameras: 4 navigation cameras (Navcam) and 8 hazard avoidance cameras (Hazcam). These cameras are build-to-print copies of MER engineering cameras and their objective is to provide guidance to the rover and support its operation during the drive across the surface. Navcams are located at the remote sensing mast and have a 45-degree FOV. The 8 Hazcams are fixed to the rover's chassis; they are located at the front (4) and rear (4) of the vehicle and have 124-degree square FOV optics (fish-eye lens). All imagers are equipped with a 1024x1024 pixel CCD detector and a broadband visible filter with an effective wavelength of 650 nm. For a complete description and technical specifications of these cameras we refer to Maki et al. (2012) . The information related to the performance of the electronics and optics can be found in Maki et al. (2003) .
Image sequences
Both MSL Hazcam and Navcam observation data were used in this study. In the case of Hazcam, we have taken advantage of their simultaneous front-rear pointing wide FOV imaging capability to retrieve the angular distribution of Martian sky brightness (Figure 1, top) . For observations taken between local true solar time (LTST) 16:00 and 17:30, the corresponding solar elevation angle is approximately between 25º to 5º and the solar almucantar plane (circle of sky points with same elevation angle as the Sun) is contained within Hazcams' FOV. Depending on the rover's orientation and the surrounding topography, it is possible to retrieve the sky radiance as a function of the scattering angle with a 110º coverage and reaching up to 160º of scattering angle (maximum scattering angle in the solar almucantar plane is given by θ max = 180º -2ε Sun , where ε Sun is the solar elevation angle). Therefore, the sampling of sky radiances along the solar almucantar direction was chosen for Hazcam observations. Part of the images had to be manually evaluated in order to discard unwanted contributions to the observed sky brightness curve (e.g., rover's chassis, robotic arm, rocks, and other scenery elements).
We have also considered for this study Navcam full sky-survey sequences (Figure 1, bottom) . These datasets consist of multiple observations (usually 17 or 18 images) obtained in the early morning or afternoon in which the complete upper hemisphere was captured. The sky radiance as a function of the scattering angle was retrieved by sampling along the solar almucantar, in an analogous way as for Hazcam images. As the Navcam imagers are located at the rover's remote sensing mast, they have a more flexible pointing capability and the sky radiance curves were easily retrieved without the need of any further manual image analysis step. Only the possible intersections of the solar almucantar plane with Aeolis Mons (Mount Sharp) at the backscattering region, in the case of low Sun elevation observations, had to be taken into account when performing the data retrieval.
We show on Figure 2 , for all the observation data retrieved along the solar almucantar, the contour plot of the sky radiance as a function of the scattering angle (θ) and the solar longitude (L S ). It can be appreciated that the sky brightness intensity and its angular distribution function follows a seasonal variation similar to the one derived for the dust column optical depth (e.g., Lemmon et al., 2014 , Smith et al., 2016 . The first part of the year (aphelion season) is characterised for its low dust activity and atmospheric optical depth; which can be also identified in the sky radiance curves, that show a steeper drop in the radiance values during this period (L S ~ 70º to 140º) in the lateral scattering region (θ = 90º to 120º), when compared to a flatter curve present during the high dust loading season, centred on L S = 200º.
The complete list of observations is provided on Table A1 (on the Appendix).
Photometric calibration and geometric reduction
The raw EDR image files used in this work were converted from their original 12-bit pixel DN into physical units of absolute radiance (W m -2 nm -1 sr -1 ). Once radiometrically calibrated, a geometric reduction was performed using the CAHVOR(E) photogrammetric camera model system (Yakimovsky and Cunningham, 1978; Gennery, 2006) in order to assign to each pixel their corresponding values of elevation and azimuth with respect to the local site reference frame (Peters, 2016) . A detailed description of the radiometric calibration and geometric reduction of MSL Navcam observations can be found in Chen-Chen et al. (2019) . An identical procedure was applied to MSL Hazcam images for this study and the specific calibration parameters for these cameras are provided in Table 1 . The procedure derived for the calibration of MSL engineering cameras is based on the methodology developed by Soderblom et al. (2008) for the same instruments on-board the MER mission.
In order to validate Hazcam's calibration parameters, multiple comparisons of Navcam and Hazcam calibrated images were performed. Observation-pairs with similar pointing and near in LTST were selected for different sols and the absolute radiance values for same scenery features (e.g., sky, ground, Mount Sharp) were compared. The results of this procedure showed average differences of less than 5% between both imagers. As previous MSL Navcam absolute radiance uncertainty was estimated of about 12% (Chen-Chen et al., 2019) , for this study we have considered Hazcam absolute radiance uncertainty of about 17%. Table 2 from Soderblom et al., (2008) . A 15% of uncertainty is assumed for K0 and K1 values.
Model and methodology
In this work the radiative transfer modelled sky brightness curves were iteratively compared to MSL Engineering Camera observations, in order to derive the parameters of the dust single scattering phase function generating the best fitting simulation. In the next paragraphs we describe the methodology followed to model the angular distribution of sky radiance and the comparison criterion used.
Radiative transfer model
The radiative transfer equation was solved using the discrete ordinates method (Stamnes et al., 1988) for a multiple scattering plane-parallel atmosphere. Simulations were performed using a Python version (PyDISORT, Ádámkovics et al., 2016) of DISORT 2.1 with pseudo-spherical correction (CDISORT, Buras et al., 2011) . The atmosphere was modelled with 30 layers distributed in linearly spaced pressure levels with a total height of 100 km. Atmospheric parameter inputs (pressure, temperature, density, etc.) were retrieved from the Mars Climate Database (Forget et al., 1999; Millour et al., 2015) . The main constituent species of Mars' atmosphere considered in our model (CO 2 , H 2 O, O 2 , N 2 and O 3 ) present no strong gas absorption within the MSL cameras wavelength range (600 to 800 nm), so their contribution to the opacity was considered negligible. For the Rayleigh scattering due to the CO 2 , the scattering cross section was obtained from the model and constants in Sneep and Ubachs (2005) . These assumptions are the same as those taken in Chen-Chen et al. (2019) .
Aerosol model
The radiative transfer computations required only 3 parameters at each layer of the discretised atmosphere model for the radiance: the aerosol single scattering albedo (ω 0 ), the single scattering phase function P(θ), and the vertical distribution of the aerosol optical depth, τ(z).
The dust optical depth at each layer τ(z) was modelled following a Conrath profile (Forget et al., 1999; Heavens et al., 2011) , and the total column optical depth input value required in these profiles were retrieved from MSL Mastcam direct Sun imaging extinction measurements (Lemmon et al., 2014) and MSL Navcam retrievals (Chen-Chen et al., 2019) .
For ω 0 and P(θ), we selected for this study the following 3 modelling approaches:
-Analytical phase function. A set of analytical single scattering phase functions were generated using a Double Henyey-Greenstein (DHG) three-parameter analytical expression (Kattawar et al., 1975; Gillespie, 1992) in the form of:
Parameters controlling the forward scattering (g 1 ), backward scattering (g 2 ) and the forward-backward ratio (α) were varied in order to simulate different aerosol phase functions (Ignatov, 1997; Zhang and Li, 2016) . The g 1 parameter was iterated from 0.50 to 1.00 with steps of 0.01; g 2 was varied between -g1 and +g1 (50 divisions) in order to prevent the backward scattering lobe from being greater than forward lobe and to avoid negative phase function values (Zhang and Li, 2016) . Finally, the parameter controlling the ratio (α) was iterated from 0.50 to 1.00 (fully forward scattering case) with 0.01 steps. Again, this was set in order to control the overall shape of the phase function and use representatives of actual airborne dust phase functions (e.g., Mishchenko et al., 1997; Dubovik et al., 2006) . The single scattering albedo was fixed to ω 0 = 0.975 based on results derived from surface-orbit combined observations by Wolff et al. (2009) and particularised for MSL engineering cameras effective wavelength (λ eff ~ 650 nm)
-T-Matrix. Previous studies have indicated the need to take into account the non-sphericity when modelling the optical properties of Martian dust (e.g., Pollack et al, 1977; Chylek and Grams, 1978) . Although there are available multiple models for calculating the scattering properties of non-spherical particles, software codes for simulating particle shapes with complex and irregular geometry or large ensembles of particles are very computationally demanding (Yurkin and Hoekstra, 2007; Wriedt, 2009 ). We selected the T-matrix code (https://www.giss.nasa.gov/staff/mmishchenko/t_matrix.html) (Mishchenko et al., 1998) to calculate the radiative properties of randomly oriented cylindrical particles with different diameter-to-length (D/L) aspect ratios and sizes. The shape was fixed to cylindrical particles as the calculated phase functions for single aspect radio cylinders do simulate well the usual airborne dust phase function in the lateral scattering region (θ approximately from 90º to 120º) (Mishchenko et al., 1997) . This consideration avoided the need of introducing additional parameters associated to a distribution of aspect ratios when spheroidal particles are used, therefore reducing the number of comparisons to be performed and consequently the computation time of the retrieval. The aspect ratio parameter D/L was varied from 0.5 to 2.5, with steps of 0.1. The values of the single scattering albedo and phase function were calculated assuming a power law particle size distribution for volume equivalent effective radius (r eff ) varying from 0.10 to 1.70 µm in 0.02 µm steps (e.g., Chen-Chen et al., 2019), with effective variance ν eff = 0.3 (e.g. Mishchenko et al., 1997; Dubovik et al., 2006) ; the refractive complex index was derived from Wolff et al. (2009) .
-Laboratory measurements of Martian dust analogues. Experimental measurements of single scattering phase functions for different Martian dust analogue samples were retrieved from the Amsterdam-Granada Light Scattering database (https://www.iaa.csic.es/scattering/) (Muñoz et al., 2012) . The scattering phase functions at 647 nm for basalt, JSC0, JSC200, JSC-1A and palagonite samples were evaluated in this study. For a comprehensive description regarding the properties of the samples, experimental set up and retrieval of the scattering matrices we refer to the corresponding publications: basalt, JSC0 and JSC200 (Dabrowska et al., 2015) ; JSC-1A (Escobar-Cerezo et al., 2018) and palagonite (Laan et al., 2009 ). The single scattering albedo for each sample was approximated using the Lorenz-Mie theory (Mishchenko et al., 1995) . For these computations, the particle size distribution parameters (r eff , eff ) and complex refractive index (m) of each sample were derived from the database: basalt (r eff =6.9 µm, eff =7. =7.3, m=1.52+i0.0005) . The resulting single scattering albedos were: ω 0,basalt = 0.892, ω 0,JSC0 = 0.701, ω 0,JSC200 = 0.633, ω 0,JSC1A = 0.708 and ω 0,palagonite = 0.960.
We summarise on Table 2 the dust aerosol models used in this work and their related parameters.
3.3 Retrieval procedure An iterative retrieval scheme was implemented based on the comparison of radiative transfer simulations and MSL engineering camera observations of Martian sky brightness as a function of the scattering angle. A lowest mean quadratic deviation χ 2 criterion was considered for determining the best fitting curve.
For each Hazcam/Navcam observation:
1. Radiometric calibration and geometric reduction were performed as described in Section 2: for each image-pixel the corresponding values of absolute radiance, azimuth/elevation angles with respect to a Mars' local site reference system and the resulting scattering angle were calculated. The absolute radiance was then converted into approximated radiance factor (I/F) units by dividing each pixel's radiance value by the solar spectral irradiance at the top of the atmosphere at the time of the observation convolved to the Hazcam/Navcam bandpass (same for both imagers, 1.524 W m 2 nm -1 sr -1 at 1 AU) and divided by π (e.g., Soderblom et al., 2008) . The solar spectral irradiance data was obtained from Colina et al. (1996) .
2. Retrieval of the observed sky brightness as a function of the scattering angle was performed by sampling radiance values along the solar almucantar plane.
3. The simulated sky brightness curves were generated using the radiative transfer model for different combinations of aerosol modelling parameters ( Table 2 ) and allocated in a look-up-table (LUT).
The observed ( I/F obs (θ i )
) sky radiance angular distribution function and the modelled ( I/F mod (θ i ) ) curves contained in the LUT were compared using a standard χ 2 least squares quadratic error criterion:
For the N sampled points along the curve a variance of σ i = 0.20 was used as a conservative value associated to the absolute calibration uncertainty for MSL engineering cameras considered in Section 2. 
where N is the number of sampled points and f the number of free parameters in the retrieval (f is equal to 3 for DHG, 2 for T-matrix and 1 for laboratory measurements) ( Table 2) 6. The set of input parameters for each aerosol model generating the simulated sky brightness angular distribution with the minimum χ 2 value was considered the solution of the retrieval (Figure 3) . The uncertainty level of the solution was estimated from the 68% confidence region (1σ error). 
Results and discussion
The methodology described in the previous Section was followed to retrieve the aerosol model parameters generating the best fitting sky radiance simulations. In this Section 4, the outcomes of the parameterisation scheme are presented. A discussion is provided for studying the seasonal behaviour and the interrelationships of the resulting parameters and the uncertainties of the retrieval are evaluated.
A summary table with the complete results of this study is provided on Table A2 in the Appendix to this manuscript.
Double Henyey-Greenstein phase function parameters. The seasonal and interannual behaviour of the DHG analytical phase function parameters (g 1 , g 2 , α), and their interrelationships are shown on the left and right column on Figure 5 , respectively. The average values retrieved for each parameter are: g 1 = 0.889±0.098, g 2 = 0.094±0.250 and α = 0.743±0.106. When recurring to the expressions provided on Zhang and Li (2016) , these parameter values generate a single scattering phase function with an asymmetry factor of g = 0.687±0.081, which is in good agreement with previous results by Wolff et al. (2009) at the 650 nm effective wavelength of MSL engineering cameras. It can be appreciated on Figure 5 that results for Hazcam observations (red) show a greater dispersion and larger uncertainties than Navcam dataset outcomes (blue). This is mainly related to the pointing particularities of each set of cameras; while mast-mounted free pointing Navcam sky-surveys are capable of retrieving sky radiance curves covering scattering angles from approximately 10º to 150º, rover chassis fixed Hazcam observations are highly dependent on the geometry configuration at the specific LTST and location, thus retrieving image-sets with very different scattering angle coverage.
Regarding the seasonal variability of the DHG parameters, the results obtained during the low opacity aphelion season (L S ~ 40º to 130º) show noticeable differences when compared to the rest of the year (the sensitivity to possible contribution from the aphelion cloud belt water-ice clouds in the retrieved sky radiance data during this particular season will be discussed below). In particular, the forward scattering parameter (g 1 ) values tend to be lower within this time. As phase function values in the forward scattering region (θ ~ 5º to 30º) are related to the size of the particle (e.g., Kaufman, 1994; Tomasko et al., 1999) , this may suggest the detection of smaller dust particles during this season. However, due to the differences in the scattering angle coverage by each observation, the lack of data in the forward scattering region may originate part of the dispersion in the results, therefore not providing strong evidences for identifying any particular seasonal behaviour. Seasonal differences can be also appreciated in the backward scattering parameter g 2 . In this case, the retrieved negative values are mostly located within the same aphelion period (L S ~ 40º to 130º). DHG analytical phase functions with a g 2 < 0 are featured with a positive slope at the end of the backscattering region (minimum of phase function is at θ < 180º, existence of a peak). However, as in the previous case, the existing dispersion in the retrieved data does not allow to identify a clear seasonal behaviour for this parameter.
The interrelationships between the DHG parameters are shown at the right column of Figure 5 . In this case, output charts tend to be more clear and results show a positive correlation for g 1 -g 2 parameters, and negative correlations for g 1 -α and g 2 -α, being more evident in the latter case. The obtained negative correlations points out the role of the parameter α as weighting factor for controlling the overall shape of the DHG phase function; when large lobes in the function are obtained at the forward scattering area (g 1 close to 1) or at the backscattering (negative g 2 ), the parameter α tends to balance the counterpart region by shifting to 0.5 or 1.0, respectively. Finally, regarding the interannual variability analysis, the different number of available observation data per MY and its seasonal distribution, sums up to the abovementioned dispersion of the retrieval results. Therefore it is not possible to conclude that any particular interannual behaviour was derived from the evaluated data. Wolff et al. (2001) ). Regarding the seasonal evolution of this parameter, although average values tend to be slightly larger when only considering the low opacity aphelion season, it is not possible to conclude that the retrieved results show any seasonal variability.
Laboratory measurements of Martian dust analogues.
The results of the observation-model comparison retrieval showed that only two models generated the best fitting model curve: basalt (78% of the cases) and palagonite (22%). This outcome is mainly related to the significant differences that exist in the particle size distribution of the available dust analogue samples (r eff,palagonite = 4.5 µm, r eff,basalt = 6.9 µm, , r eff,JSC1A = 15.85 µm, r eff,JSC200 = 28.1 µm, r eff,JSC0 = 29.5 µm), where it can be appreciated that the effective radius parameter for the remaining analogues are about an order of magnitude larger than the usual values reported for Martian atmospheric dust aerosol (r eff order of ~ 1 µm) by previous studies (Korablev et al., 2005; Smith, 2008; McConnochie et al., 2017; Chen-Chen et al., 2019) . Previous studies comparing Martian airborne dust with experimental analogue measurements resulted in best fits to samples of palagonite (Clancy et al., 1995; Merikallio et al., 2013) and basalt (Dabrowksa et al., 2015) . No relevant seasonal or interannual variability in the best fitting basalt or palagonite dust samples were found.
The sensitivity of the retrieved DHG parameters to variations of the input values for the single scattering albedo, dust column optical depth and possible presence of water-ice clouds during the aphelion season was evaluated by performing several simulations for these scenarios (Figure 4) .
Sensitivity to aerosol optical depth. The atmospheric column optical depth is a required input parameter for radiative transfer simulations. Regular measurements from MSL Mastcam afternoon direct Sun-imaging (Lemmon et al., 2014) and MSL Navcam near Sun-pointing observations (Chen-Chen, et al., 2019) were used. Dust column optical depth values were interpolated at the observation's sol (or L S if there were no data available within a range of 20 sols), which could introduce some uncertainty in our retrieval procedure. The sensitivity of the results to uncertainties in column optical depth measurements was evaluated by simulating two scenarios containing 15% more and less dust atmospheric loading with respect to the nominal case. When the column optical depth was decreased, the analytical DHG phase function parameters g1, g2 and α showed a difference of about 4%, 5% and 2.5% respectively with respect to the base scenario; whereas in the case of an increment of the dust extinction the resulting differences were of the order of 2%, 9% and 3%.
Sensitivity to single scattering albedo. The simulated sky brightness also depended on the input value of dust single scattering albedo (ω 0 ). As it has been abovementioned, for the case of analytical DHG phase functions the single scattering albedo was fixed to 0.975, which is a representative value for Martian dust (Wolff et al., 2009) at the effective wavelength of the cameras. The sensitivity of our retrieval procedure to variations in this parameter was evaluated by comparing the obtained results when the input ω 0 was set to of 0.940 (e.g., Tomasko et al., 1999) . The resulting output parameters g 1 , g 2 and α varied in the order of 4%, 25% and 2%, respectively, with respect to the nominal scenario Sensitivity to presence of water-ice clouds. Part of the observations used in this study were obtained during the aphelion season (centred on L s ~ 70º) and the possible presence of water-ice clouds from the aphelion cloud belt, developing around L s = 40º -60º and dissipating near L s ~ 150º (e.g., Clancy et al., 1996 Clancy et al., , 2003 Madeleine et al., 2012) might introduce deviations in the dust phase function parameters retrieval. Although the majority of the observations were taken before 7h or after 16h (LTST), when detections of water-ice clouds are very low and the reported optical depth is almost negligible (Kloos et al., 2018) , the sensitivity of the results to this phenomenon was evaluated. For an observation retrieved on sol 1132 (L s = 54.2º) corresponding to MY 33 (high cloud detection at Gale Crater, e.g. McConnochie et al., 2017; Kloos et al., 2018) , a simulation was performed in which a water-ice cloud was added to the base model: the optical depth of the cloud was set to τ cloud = 0.15 as a representative value of afternoon retrievals (Kloos et al., 2018) , water-ice scattering properties Q ext and ω 0 were derived from Warren (1984) and the single scattering phase function was modelled with an analytical DHG using water-ice representative parameters from Zhang and Li (2016) . Differences between the simulated sky radiance as a function of the scattering angle for the base scenario and the water-ice cloud scenario were about 12% (lower than assumed uncertainty of 15%). When comparing with the observation for retrieving the parameters generating the best fitting curve, variations of the output g 1 , g 2 and α parameters of the DHG analytical phase function were of about 4.0%, 4.5% and 15.0%, respectively. The resulting simulated sky radiance curve including a water-ice cloud model and dust phase function are provided in Figure 4 . 
Double Henyey-Greenstein parameters seasonal variation and relationships. The seasonal behaviour (left column) and the existing interrelationships (right column) of the DHG analytical phase function parameters (g 1 , g 2 , α) generating the best fitting sky radiance model to MSL Navcam (blue) and Hazcam (red) observations. Colour shades indicate MY 31 (clearest) to MY 34 (darkest). No data for Navcam MY 31.

Figure 6. Seasonal and interannual variation of cylindrical particles aspect ratio. (Left) Results of T-matrix cylindrical particles diameter-to-length (D/L) aspect ratio parameter generating the best fitting sky radiance curve model to MSL Navcam (blue) and Hazcam (red) observations, as a function of the solar longitude and Martian Year (MY). Colour shades indicate MY 31 (clearest) to MY 34 (darkest). No data for Navcam MY 31. On the right, the bar chart shows the percentage of counts (frequency) for each D/L value.
Conclusion
In this study we have used sky radiance measurements in the almucantar plane obtained by the MSL Engineering Cameras to constrain the Martian dust single scattering phase function. Hazcam simultaneous forward-rear pointing opportunistic afternoon observations and Navcam sky-survey image sequences were selected and photometric calibration and geometric reduction were performed on the raw images. The angular distribution of sky radiance was retrieved for different seasons and Martian Years. These observations contained data for the intermediate and large scattering angle region, from 30º up to about 160º, where the light scattering due to the aerosol is dominated by the shape of the particle.
The observed sky brightness curves were iteratively compared with radiative transfer sky radiance simulations. The modelled sky radiance as a function of the scattering angle were calculated following a parameterisation scheme for defining the dust single scattering phase function using 3 different aerosol modelling approaches: a three term Double Henyey-Greenstein analytical function, T-matrix code calculations for cylindrical particles and using experimental laboratory retrievals of Martian dust analogues.
Results retrieved from the comparison procedure show average Double Henyey-Greenstein parameter values of g 1 = 0.889±0.098, g 2 = 0.094±0.250, α = 0.743±0.106, which are related to a phase function with an asymmetry parameter of g = 0.673±0.081 (similar to, e.g., Wolff et al., 2009 ). Existing seasonal differences for the low dust opacity aphelion season (L S 30º to 150º) were observed for g 1 and g 2 , although it was not possible to derive a clear seasonal or interannual behaviour, due mainly to the dispersion in the results and the different seasonal distribution of the data. Best fitting diameter-to-length aspect ratios for T-matrix cylindrical particles were of 0.70±0.20 and 1.90±0.20, presenting a good agreement with previous studies (Wolff et al., 2001) . Comparisons with experimental single scattering phase functions of dust analogues returned only two different different best fitting samples, basalt (78%) and palagonite (22%), in line with Dabrowska et al., 2015. Future research prospects include the retrieval and processing of observations under heavy dust loading scenarios, such as the global dust storm event in 2018, in order to evaluate the influence of such conditions in the dust single scattering phase function when compared to regular MY. On the aerosol modelling side, further developments can be done in the computation codes and methods for simulating the aerosol radiative properties for more realistic dust particles with complex shapes (e.g.; Yurkin and Hoekstra, 2007; Meng et al., 2007; Pitman et al., 2000) . In addition to this, further comparisons can be performed for a broader variety of laboratory retrievals of Martian dust analogue single scattering measurements, with adequate particle size distributions, closer to the values retrieved for the atmospheric dust. 
APPENDIX A
